INTRODUCTION
Cavitation -the formation, growth, and collapse of vapor bubbles -is known to occur in all liquids and liquid metals in many engineering situations. The occurrence of cavitation in a system has many undesirable effects. The erosion of boundary material is one of these effects that has been faced by the engineering profession over the past 4 or 5 decades. Pumps, turbines, gates, valves, ship propellers, bearings, seals, gears, and many other engineering devices are known to suffer from this phenomenon. The situation may involve a thin layer of liquid, as in lubrication between two surfaces, or a large quantity of flowing liquid, as in flow past a valve or through a turbine. The mechanisms of cavitation attack and material removal are the same in all such situations. Many investigations (1) over the past 3 or 4 decades have covered several aspects of the phenomenon that can be broadly classified as the inception, growth, and collapse of vapor bubbles, the pressures generated and the damage caused to the adjoining bounoary materials.
In spite of these investigations, a precise understanding of these subjects has still not been achieved. The highly transient nature of the events and the submicroscopic details of the attack are largely responsible for the difficulties in achieving a complete understanding.
In addition, materials differ in their response to cavitation attack . The information available concerning erosion in viscous liquids of engineering importance is very limited. The few attempts to generalize the res p onse of different materials to cavitation attack (2-6) had only partial success when a large spectrum of materials was considered and indicated the need for a better understanding of the phenomenon.
This paper presents investigations concerning the erosion and erosion rate of different metallic materials in a viscous mineral oil. The materials studied had three crystal structures. The formation and growth of cavitation pits were studied by scanning electron microscopy and surface roughness measurements. Attempts to describe the first two regions of the erosion curves with a generalized mathematical expression are presented.
EXPERIMENTAL. EQUIPMENT AND TEST MATERIALS
The experiments were carried out in an ultrasonic electrostrictive oscillator ( Fig. 1) operating at 20-kHz frequency and with a peak-to-peak amplitude of 50 um. The test specimen was mounted at the tip of the horn and immersed in the mineral oil. The test specimen vibrated with the horn as it expanded and contracted with the electrostrictive action of the converter.
This action created a low-pressure region and hence caused cavitation of the liquid over the surface of the test specimen. The test specimens for the experiments were prepared from 12.7-mm-diameter rods. Five metals with face-centered-cubic (fcc) matrices, viz aluminum 6061-T6, copper (electrolytic tough pitch), free cutting brass, phosphor bronze, and nickel; two metals with body-centered -cubic (bcc) matrices, viz iron and molybdenum; and titanium (Ti-5A1-2.5Sn), with a hexagonal-close-packed (hcp) matrix, were examined in the study. The chemical compositio, and density of these materials are presented in Table 1 . The experiments were carried out in a mineral oil whose physical properties are given in Table 2 . To examine the role of liquid viscosity in cavitation, a thick (high viscosity) mineral oil was selected for the investigation.
The surfaces of the specimens were initially polished with fine emery papers and then with 0.5-and 0.05-Nm alumina powders in a polishing machine.
The materials were examined in the as-received condition and were not heat treated.
THEORETICAL CONSIDERATIONS
The erosion of metallic materials by cavitation involves the impact on the surface of microjets or shock waves formed during the collapse of the cavitation bubbles. In a recent study, Shima et al. (7) observed that, depending on the distance of the solid boundary from the center of bubble collapse, either a shock wave, a microjet, or a combination of the two was ( Fig. 5 (c) ) was 0.5 um/hr. The MDPR's of the fcc group were 10 to 100 times higher than the erosion rate of the hcp-matrix material T1-5A1-2.5Sn.
Similarly, the MDPR's of iron and molybdenum (bcc matrices) were higher than the erosion rate of T1-5A1-2.5Sn. The MDPR's of both fcc and hcp materials in general peaked and then decreased. Ti-5A1-2.5Sn had periods of low or insignificant MDPR followed by periods of high MDPR (Fig. 5(c) ). For the bcc materials ( Fig. 5(b) ) the MDPR increased steadily as the test duration increased. The experiments on these materials could not be carried out for a longer duration because the specimens broke from the horn.
Scanning Electron Microscopy Observations
To clarify the processes of deformation and material removal under cavitation attack, the eroded surfaces were examined with a scanning electron microscope. Micrographs presented in Fig. 6 show the different stages of these processes for Cu-35.5Zn-3Pb brass. On the undamaged, lightly etched surface ( Fig. 6(a) ) the lead phase is evident from the dark spots over the grain boundaries. The eroded surface at 10 s (Fig. 6(b) ) shows the formation of tiny cavitation pits over the grain boundaries and precipitates. The eroded surface at 20 s (Fig. 6(c) ) shows further cavitation attack over the grain boundaries and plastic deformation of the grains involving slip. The eroded surface at 30 s (Fig. 6(d) ) shows growth in the size of cavitation pits at the junction of grain boundaries and the formation of deformation twins.
The eroded surface at 40 s ( Fig. 6(e) ) shows material removal by fragmentation of the grain. The fragmented particle is bounded by the grain boundaries and ( possibly a twin plane. An indentation due to the possible impact of a microjet can also be seen above the fragmented particle. The eroded surface at 60 s (Fig. 6(f) ) shows a considerable amount of deformation and the formation of large craters on the surface grains. (1) an initial region of very low or insignificant erosion rate; (2) a region i of increasing erosion rate; and (3) a region of decreasing erosion rate. The erosion curves of iron and molybdenum show only the first two regions. The initial region is generally termed the "incubation period." The decreasing erosion rate, in the third region, is perhaps due to the impact pressures of the microjets or shock waves being attenuated in traveling longer distances as erosion progresses. The following analysis is confined to the first two regions of erosion curves.
To generalize the variation of erosion on different materials, it is+ necessary to use nondimensional experimental data. In the present analysis, the incubation period t 0 and the corresponding mean depth of penetration (MDPO) of the different materials were used to nondimensionalize the time t and the MDP, respectively. The nondimensional quantities can be expressed as
The incubation period t° is generally defined in three ways, viz (1) the duration of a test in which no mass loss occurs; (2) the intercept on the time axis as the linear part of the erosion curve is extended to it; and (3) the duration of a test for obtaining a defined value of MOP (e.g., 2 or 5 Jim).
The first definition is mostly hypothetical because the erosion of precipitates and other surface defects is known to occur in relatively insignificant periods of cavitation attack. In the present analysis incubation periods defined according to the second and chird definitions were used. The analysis using the incubation periods that corresponded to an MDP of 5 pm, according to the third definition, resulted in better statistical quantities than the analysis using incubation periods obtained according to the second definition. The analysis using nondimensional erosion data involving incubation periods corresponding to an MOP of 5 um is described in the following paragraphs.
The incubation periods t 0 of the eight materials, the equations obtained with these values, and the corresponding statistical quantities CD, CC, and SE are presented in Table 3 . Small changes in the values of t0
were made in the analysis in order to make the coefficients in the equations as close to unity as possible. For the materials examined in this study the fcc metals had very short incubation periods (Fig. 9) , molybdenum (bcc matrix) had a longer period, and the titanium alloy (hcp matrix) had the longest
period. An examination of the statistical quantities in Table 3 indicates that a geometric equation of the type of Eq. (4) describes the erosion curves extremely well in the first two regions covering 0.5 t 0 < t < 2.5 t 0 of time.
A plot of the nondimensional quantities MDPN and T (Fig. 10) shows that molybdenum (bcc matrix) eroded fastest in relation to its incubation period and that copper and aluminum (fcc matrices) and titanium (hcp matrix) eroded at considerably slower rates. The same conclusion can be reached by examining the exponents in the best correlating equations presented in Table 3 . These investigations show that the materials with fcc matrices in general had short incubation periods. Therefore most of these materials eroded quickly under cavitation attack. The materials with hcp matrices had long incubation periods and eroded most slowly. The materials with bcc matrices had high erosion ,ates although they had long incubation periods. Hence, materials with hcp matrices need more detailed investigation to characterize their behavior under cavitation attack and to exploit their strength to cavitation situations.
CONCLUSIONS i The erosion of eight metallic materials due to cavitation attack in a mineral oil was studied. Variations in mean depth of penetration, surface roughness, and microstructure were investigated. From these investigations, the following conclusions were drawn:
1. The erosion rates of the fcc-matrix materials were 10 to 100 times higher than the erosion rate of a titanium alloy (hcp matrix). The erosion rates of iron and molybdenum (bcc matrices) were higher than that of the titanium alloy but i^jwer than those of the fcc group.
2. The erosion rates of both fcc and hcp materials in general indicated a 1. peak rate and then a decreasing trend. Also the erosion of the titanium alloy had periods of low or insignificant mean depth of penetration rate (MDPR) followed by periods of high MDPR. The erosion rate of bcc materials increased with time.
3. Investigations using scanning electron microscopy indicated that cavitation pits were initially formed over the grain boundaries and other 'TIME, t, min 
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